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IHTRODUCTION
Purpose of Investigation
The purpose of this research is to continue the program
carried on by Dan Feray7 in 1940 - 41, Ray Gs,llant9, 1940 1941, and V. E. HeneslO.in 1941 - 42.

Feray made an exten-

sive study of the sedimentary and petrographic aspects of
the oil sands from the Cut Bank Field; Gallant studied the
porosity of the sands; end Hanes studied the physical
characteristics, mainly porosity and permeability.
The author limits his studies to the permeability and
porosity of the producing oil sands, thus following up
Hanes

t

and Gallant t s work.

Numerous problems have confronted the operating
companies of the Cut Bank field.

Some'of these are:

(1) source of the Kootenai sediments, {2} eXisting conditions at the time of deposition, (3) source rock of the
petroleum, and (4) cause of the irregularity of the producing sand.

This report is concerned with attempting to

solve or find some means of explaining the fourth problem.
-1-

In studying the Cut Bank field and its numerous wells,
it is found that dry holes are surrounded by producing·
wells, and also. that the field as a whole is very irregular;
water, oil, and gas zones in many cases following.no
definite pattern.

In some instances, this phenomenon may

be due to the lensing and thinning of the producing sands,
but it ,is evident that this is not the only factor.

There-

fore, the controlling factors must be porosity and
permeability.

These two physical characteristics are at

least related in part to sorting, shape, roundness, median
diameter of the grains, and the amount of bonding material.
Nevertheless, the only simple relation of permeability to
porosity is a qualitative one, namely, a solid is permeable
by virtue of its effective porosity.

Obviously, a solid

of no porosity would be impermeable to a fluid; one of high
porosity, however, conceivably could be highly permeable
or impermeable, as for example, pumice.
By studying the results obtained by Gallant's and

Hanes' work on porosity and permeability of cores selected
of the entire field, and also studying wells selected by
the author to give a more complete picture of the borders
of the field and also chosen to give results in portions
of the field not previously studied, maps of the field
were constructed to attempt to show line
and also to show equal permeability.
-2-

of equal porosity,

By noting the

..,

relationShip of the porosity and permeability of the
producing sands, it is hoped that the trends of the field
may be explained.
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CUT BANK FIELD*

Location and Physiography

The Cut Bank field is in Glacier County, Montana, 50
miles east of Glacier National Park, and extends to within
3 miles of the Canadian border.

It is one of several pools

on the Sweetgrass arch, and lies on the west flank of the
Kevin-Sunburst dome.
The climate of the region is semiarid, and the field
itself is situated on a treeless plain dissected by the
Cut Bank creek and its tributaries.

The altitude within

the field ranges from 3,400 to 4,200 feet above sea level.
The water necessary for drilling purposee is obtained
from the Cut Bank Creek, while water for domestic purposes
is obtained from well~.

History of the Cut Bank Field

The first well drilled in the present location of the
Cut Bank field was a gas well and was the Sandpoint-Berger
Well No.1

in the SE.i, NW.i of Sec. 1, T.35N., R.5W., and

was drill~d in September, 1926.

*

summary of statements

The primary purpose of the

by John E. Blixt3•

-4-

well was to discover a western extension of the KevinSunburst field which produces from the Madison limestone.
The sand in which the gas was encountered was a "stray"
sand at the base of the Kootenai formation.

Since there·

was no market for gas at that time, the well was plugged
and abandoned at a total depth of 2,975 feet.
The next well was the Yunck No. 1 in the SE.~,

NW.i

of Sec. 1, T.34N., R.6W., and was drilled in August, 1929.
It produced both oil and gas, but the oil was not considered
abundant enough to make the well commercial.
In April, 1931, the field's first commercial oil well
began production.

This well was the Haines No. 1 in SE.!,

SE.! of Sec. 2, T.34N., R.6W., and had an initial production
of 35 barrels per day.
Since 1931, development of the field has been continuous
with approximately 75 oil wells and 8 gas ~ells completed
yearly.

Total production to July, 1940, was 18,645,500

barrels of oil and 62,890 million cubic feet of gas.
The Cut Bank field is 31 miles long and has a maximum
width of 10 miles.

The main oil-producing area is 24 miles

long and ranges from 1 to 4 miles in width.
The Cut Bank field ranks as the most important
stratigraphic trap field in the Rocky Mountain region
north of New Mexico.

It is fourth in daily 011 production,

following in sequence Turner Valley, Alberta; Lance Creek
-5-

and Salt Creek, Wyoming; also ~ourth in daily gas production,
succeeding Clay Basin, Utah; Hiawatha, Colorado; and Turner
Valley.

Stratigraphy

As the Kootenai formation is the producing zone of the
Cut Bank field, it will be discussed in detail, but to give
a clearer picture of the stratigraphy of the region, the
other formations encountered in drilling will be mentioned
and briefly discussed.

TWo Medicine Formation
The uppermost formation in the 'field is the Two
Medicine, and has been subdivided into the Judith River,
shales, sandstone, and thin coal seams; the Upper Eagle of
the Mont~~

plains, sandstones, shales, and thin coal Seams.

The average thickness penetrated in the oil-producing area
is only about 200 feet.
Eagle Sandstone
The Eagle sandstone may be divided into an upper,
I

massive sandstone (Virgelle sandstone member), and a lower
sandstone-shale transition zone.
is 375 feet.

-6-

Its average thickness

Colorado Formation
The Colorado is a marine formation and is also
divisible into two members.

The upper portion is mainly

black shale and is 950 feet thick.

The lower member is

shale and interbedded sandstone with a thickness of 800
feet, locally known as the Black Leaf member.
Kootenai (Lower Blairmore) Formation
The oil and gas produetion of the Cut Bank field is
confined to the Kootenai formation of Lower Cretaceous age.
In the eastern portion of the field it is 500 feet thick
and ~~reases

to 650 feet on the west.

The formation

consists of flood-plain and deltaic deposits of red, green,
and

gray mudstoneS and shales, and lenticular siltstones

and and siltstones.

More sandstone occurs in the lower

third of the formation, and bere lie the oil- and gas(

producing sandstones in the field.
The producing zone of the Kootenai may be divided into
three zones, in descending order, the Moulton sand zone,
the Sunburst sand zone, and the Cut Bank sand.

Due to the

flood-plain type of sedimentation, it is impossible to
correlate with certainty,

any

sandstone in the producing

zone, with the exception of the Cut Bank sand which is
characterized by black chert sand and black chert
conglomerate.
-7-

Kootenai, Moulton Zone
The upper portion of the Kootenai, the MOulton zone,
has an approximate thickness of 100 feet, and consists of
siltstone,shale,

mudstone, and one or more lenticular

beds of fine cross-laminated sandstone.

The sandstone

mentioned may constitute the entire section, or i~ may not
be present.

The zone is irregularly bedded and correlation

from well to well is very difficult.

The Moulton zone

produces gas and oil in commercial amounts, but is by no
means an important producer in the field.
Kootenai, Sunburst Zone
The Sunburst z~ne lies approximately 100 feet above
the base of the Kootenai, ·and is about 50 feet thick.

This

zone consists mainly of sandstone lenses separated by shale
or mudstone.

The sandstone may occur as three individual

lenses, or may be as only one ocnt.Inucus sandstone bed.
The Sunburst sand in the Cut Bank. field is a soft to
medium-hard shaly and silty, fine "salt-and-pepper"

sand.

The grains are ordinarily poorly sorted, angular, clear
quartz with minor amounts of red, amber, and green
chalcedony and fine specks of black chert.
Due to the presence of silt and shale in the sandstone
the permeability has been reduced so that migration of the
oil is too slo

to yield commercial
-8-

ells, with the exception

of one anomalous occurrence of oil production in the
Sunburst gas area.

Nevertheless, many wells produce

commercial gas from this zone.
Kootenai, Lander Sand. (Sunburst Zone)
The Lander pool, one of the most productive oil areas
of the field, has been developed in the.Sunburst zone.

Its

location is in the north end of the field in Secs. 15, 16,
and 21, T.35N., R.6W.

This poot has a northeast-southwest'

trend and is about 2 miles long and 1/2 mile wide.
The sandstone, which· lies about 100 feet above the
base of the Kootenai and ranges in thickness up to 28 feet
with an average of 12 feet, is referred to as the "Lander
sand".

It differs distinctively from the typical Sunburst

sand of the field.

It is white to light-gray fine-grained

soft and·saccharoidal.

It is well sorted and composed

of well rounded grains of clear quartz, free from silt or
shale.

Toward the base it becomes coarser and darker in

color due to the presence of fine black chert.

The entire

sand in most places is saturated.
Kootenai, Cut Bank Sand
The most important reservoir of gas and oil in the
field is the Cut Bank sand.

It is the basal member of the

Kootenai and lies unconformably on the eroded surface of
the Ellis shale.

Its average thickness is 47 feet.
-9-

Cross-

lamination of the Cut Ban~ sand is very distinctive.
Its structure, a blanket sand with lateral, or updip
change from a coarse porous permeable sandstone to an
impermeable sandstone ("Ribbon sand"), is the controlling
factor in the development of the stratigraphic trap.
4

For convenience, an arbitrary subdivision of the
sandstone has been provided, based on its chert content.
This subdivision does not represent a time break or a
sudden lithologic change.
Kootenai! Upper Cut Bank Sand
The upper Cut Bank sand averages 28 feet in thickness,
but it may be absent or may be as much as 70 feet thick,
constituting the entire Cut Bank sand section.

It is a

"salt-and-pepper", ~ine- to medium-grained hard silty
~uartz saruiwith sub-rounded grains cemented by silt.
Due to its low permeability, it is not commercially
important as an oil sand, but ranks high as a gas
producer.
Kootenai, Lower Cut Bank Sand
The principle oil producer is the lower cut Bank sand
and its average thickness is 19 feet.

It is dark gray to

black and is generally composed of about equal amounts of
dark gray or black chert, and clear translucent quartz
grains.

The lower Cut Bank varies from a pebble conglomerate
-10-

or a conglomeratic sandstone to,a fi.ne-gra:inedchert and
quartz sandstone.

Generally, a persistant chert conglomerate

with a matrix of fine, light gray sandstone, a foot or less
in thickness, occurs at the base of the lower Cut Bank
directly on the Ellis shale.
The controlling factors of permeability are the
accessary minerals, bentonite, bentonite clay, siliceous
silt, pyrite, and dolomite, coupled with the secondary
growth of quartz grains.
medi~grained

The most highly productive is

sorted black chert sandstone; and

unproductive is chert conglomerate.

The best porosity

and permeability in the lower Cut Bank is found in the
medi~grained,

conglomerate-free chert sand.

Saturation is very irregular, with the average
thickness of the lower Cut Bank being 13 feet.
Kootenai, "Ribbon Sand"
The "Ribbon Sand" has played an important part in the
formation of the stratigraphic trap in the Cut Bank sand.
Its impervious nature has prevented updip migration of oil
and gas from the porous and permeable CUt Bank sand and
thus causes the trap.
Although called a

11

sand", it is extremely fine-grained

and fairly soft and should be classified as a siltstone.
It is glauconitic throughout, grades down lard to a very
-11-

fine sandstone at the bas~, and, is lamdnated with black
micaceous shale.

Its approximate western boundary in the

Cut Bank district is east of the Cut Bank Oil Field.
On the Kevin-Sunburst dome and over an undetermined
area of the Sweetgrass arch the laminated siltstone lies

.

above the marine calcareous shale of the Ellis formation
and below the yellow mudstone marker in the Kootenai.

It,

therefore, occupies the ~ame stratigraphic position as the
Cut Bank sand to the west.

However, it can not be stated

conclusively that the two are correlative.

Because of its

position with respect to the Cut Bank sand, it may be of
Kootenai age.
Ellis Shale
The Ellis shale is a marine formation and consists of
shale, sandy shale, and shaly limestone.

It is of Upper

Jurassic age and is unconformable with the overlying Cut
Bank sand (Lower Cretaceous), and also with the underlying
Madison limestone (Lower ~fississippian). Its thickness
ranges from 90 feet in the northeastern part of the field
to 180 feet in the southwestern part.
Due to the irregularity of the erosion surface of the
Ellis, it is of economic importance, as the topographic
"highs" influence the thickness of the producing sand,
sometimes entirely absent on the "highs".
-12-

The marine Ellis shale is ~he most logical source rock
in the field.
~~dison Limestone
The Madison, a creamy white marine limestone, is the
main producing formation in 'the Kevin-Sunburst,

Twin Rivers,

and Pondera oil fields on the Sweetgrass arch, but in the
Cut

Bank

field it has not proven productive.

PERMEABILITY TESTS
Many conditions must be considered before proper
permeability tests are undertaken.

Some general statements

may be made concerning these tests:
(1) There, is a considerable variation in the size and
nature of the samples used in the tests.

Since the

"biscuits", that ~s, portions of drill cores, obtained from
the cores of the Cut Bank field range in thickness from 6
to 7 inches in length to less than 1/4 of an inch in many
cases, a rather small prepared test sample is preferred.
(2) The type of sample is also very important, as a.
specimen with fractures or shale lenses may be difficult
to prepare, and would also give unsatisfactory

results.

The preparation of the chert conglomerate of the Cut Bank
sand also presents a problem.

During preparation of the

-13-

sample, it is common that some of the chert pebbles may be
"plucked out", thus giving a leakage problem to consider
during testing.
(3) A variety of fluids
may be used to make
.
. permeabi1ity tests.

Due to the fact that a liquid under pressure

may wash out some of the constituents of the sandstone,
it would be more satisfactory to use another agent.

The

The apparatus for permeability tests for this thesis used
air.
Muskat13 states that the advantages of using gases
over fluids are: (1) elimination of the difficulties
resulting from plugging the sample by materials carried
by the liquids or swelling of the cementing material in
a consolidated porous medium; (2) freedom from error due
to air trapped within the sample and the necessity for
evacuation and filling with liquid under a vacuum;
(3) freedom from danger of disintegrating a consolidated
sample by the loosening of the cementing material; and,
(4) the ease of attaining measurable flows without the use
of excessive pressures for very "tight" samples.

Apparatus
The apparatus used for determining the permeability
of the oil sands is shown in Plate II.
-14-
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system at 1 and passes through

•

a

calci~chloride

filter, 2,

to remove any impuri~ies, such as moisture; oil, dust, etc.,
which may have been introduced at the compressor.

Plate III

shows a detailed drawing of the air filter.
A surge tank, 6, is introduced to he lp maint~in a
constarrt inlet pressure and take care of
the air line.

any

It

surges" from

A-constant pressure is regulated by a release

valve, 4, and a manometer, 3, gives the pressure reading
of the inlet pressure.
The core-holder, 7, shown in detail in Plate IV,
consists of a truncated conical cast iron cap.

A rubber

stopper cut to size for the sand sample 1s placed in the
core-holder and it is in turn placed in position and held
secure by wing-nuts.

This is a simple method of mounting

and holding the sample for permeability tests and superior
to other devices in. common use.

If properly mounted, and

a well-prepared sample used, no leakage should occur.
Tbe amount of air Which passes through the sample is
measured by a Sargent Wet Test meter, 12, and read as
cubic feet.

A stop-watch is used to measure the time

required for this quantity of air·to pass through the
sample.

The wet-test meter is equipped with a thermometer

to record the temperature at which the air was used.

The

volume of water within the meter must be kept constant,
and it may be necessary to add more water from time to
-15-

PLATE .lIT

"

AIR

FILTER

PLATE N

___

-+ To Wet Test
Meter

Sand

Sample

Rubber

.,

I

Air

CORE

HOLDER

time.

As the meter r-ecor-dsthe~ volume of air in cubic

feet, it is necessary ,to correct this value to cubic
centimeters (1 cu, ft~'• 28,317 c.c.).
In

some cases, it was found that the permeabill ty of

a sample might change if the core was rotated 900 in the
rubber core-holder.

This was no doubt due to the fact

that during pr-epar-at.Lon
of the sample, perfect right-angles
on the sample could not be maintained, since the edges may
crumble in the case of a sandstone, or grains may be
"plucked" as in the case of a conglomerate.

When this

resulted, several tests were run on the· sample, with its
position in the core changed each time.

The lowest reading

obtained was considered the most accurate, but if the
operator was still unsatisfied, the result was discarded.
Before calculation of a samPle can be undertaken, it
is necessary to consider some of the conditions present
during the test.
As was previously mentioned, a mercury manometer
measured the inlet pressure of the system.

It was very

important that this.pressure be kept constant during the
experiment.

A pressure gauge could have been used, but

the manometer gives a more accurate read.ing. As the
length of a mercury manometer is limited to the pressure
used, for convenience, an inlet pressure was kept constant
at 143.4 cm. of F~, or 1.88 atmospheres.
-16-

The outlet pressure (atmospheric) was measured by a
~

barometer.

The barometric pressure readings were recorded

for all samples run.
The vapor pressure of the water in the meter had to
be corrected to give an accurate reading in measur~ng the
quantit~ of gas which passes through the sample.

At 220

c.

(720 F.), the vapor pressure of distilled water is 17.5
millimeters of mercury.

This value had to be subtracted

from the barometric pressure.

The volume of air that passed

through the sample then had to be corrected to standard
conditions of temperature and pressure.
The type of flow sheet to record the data obtained
during the sample run is shown by Plate V.

By this means,

the information may be recorded as soon as it is found.
By the use of a slide-rule or log tables, the permeability
of a sample may be determined by using the formulae
discussed under the heading, "Calculation of Permeabilitt'.

The Selection of Samples

As this work is a continuation of work which has been
previously done, the first step was to carefully study
Hanes' report and results.

A map of the Cut Bank field,

showing the wells and also showing which wells are
represented by samples in the possession of Montana School
-17-
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of Mines, was also studieq. and the wells wbieh ~ad been
tested by Hanes were marked wi~h colored tags, and the
wells with cores, but not yet tested, were also marked,
but with a different color.

It was then very easy to

decide which sets of cores should be studied.

A scattering

of samples was chosen, and of special interest were those
wells on the outlying portion of the field, as these wells
would add to the studies and give a more complete survey
of the field.

The Preparation of the Samples

The selected sets of cores had to be carefully
examined to determine their aptitude for preparation.
Samples which were found to be too thin, or contain shaly
lenses, or fractured in such a manner as to impair cutting,
had to be discarded.
The first step was to soak the samples chosen in a
liquid Which would not affect the cementing material.
Water was found to be the best suited for this.

The time

for soaking was set at not less than 24 hours.

The purpose

of soaking prior to cutting was to prevent "mudding' and
contamination of the faces of the cut sample, which in turn
would hamper the accuracy of the permeability tests.
The cutting of the horizontal permeability samples was

-18-

PLATE

VIA

Photographs o,f cor-esfrom Cut Bank Field.
A. Typical "biscuit" from the Kootenai "salt
and pepper" sandstone of the Cut Bank
Field. x i.
B. Samp~e of Lower Cut Bank sand, unsatisfactory
for preparation for permeability testing. x i.
C. Core from ba.sal cong'lomer-at.e
composed mostly
of pyrite with some carbonaceous material
Also ~~satisfactory fo! permeability. x

4.

D. Basal conglomerate with interstices between
the large~ pebbles filled with minute
particles, Lower Cut Bank. x:.

PLATE

A

B .

c

D

PHOTOGRAPHS OF CORES FROM CUTBANK FIELD

vr

A

'.

•

PlATE VIE

Typical prepared permeabi~ity samples.
A. Samples prepared from the basal cong'lomer-at.e
of the Lower Cut Bank. xi.
B. Typical samples of the "salt and pepper"

sandstone at the Kootenai.

x~.

C. Fine-grained samples of the Lower Cut Bank
sand. x~.

PLATE 'VI B

_._----

I ~.

__

-.-

_

A

B

,,

l
c

TYPICAL PREPARED PERMEABILITY SAMPLFS

done with a diamond saw.

The samples were ~ut parallel to

the bedding plane of the "biscuits".
~

The dimensions of the

samples Were 1 centimeter in width

1 centimeter in depth

by 2 centimeters in length.

by

To get the proper length, the

samples were cut longer than necessary and then trimmed to
the correct length with a pair of wire-snips.

This

preparation prevented the mudding of the face of the sample
which might have occurred if the sample were cut by the saw.
The saw was lubricated during the cutting operations with
a special oil and water mixture to cool the blade and speed
up the cutting.

The diamond-saw blades used were capable

of making 160 cuts, or about 40 samples.
Before further treatment, the prepared samples were
carefully dried.

They were placed in an oven at about

1050 C. and heated for several hours.

Excess heating at

high temperatures had to be avoided, as this would tend
to decompose the cementing material and thus impair the
results obtained.
The oily content of the samples was removed by the
Soxhlet extractor, Plate VI.

The samples were carefully

marked and placed in an extraction thimble.

The thimble

prevented small sand grains from plugging the siphon tube
of the extractor, which would thus prevent its continuous
operation.

The thimble, which held about 10 samples, was

then inserted into the Soxhlet extractor and treated with
-19-

PLATE VI Cl

r . ---

,DIAMOND SAW

PLATE VI

- SOXHLET EXTRACTOR

~

carbon tetrachloride for from 6 to 48 hours, depending upon
the relative amount of oil contained in the samples.

The

carbon tetrachloride could be used several times, depending
on the quantity of oil it had dissolved.

It was purified by

distillation for future use.
The samples were again heated in an oven at 1050 C.
to remove all traces of carbon tetrachloride.
this case took from 4 t~ 6 hours.

Heating in

F~cess heating also had

to be avoided as in the first drying procedure.

If

necessary, the samples were stored in a dessicator to
prevent moisture fvom contaminating the samples until
permeability measurements were made.

Calculation of Permeability

Permeability is that property of a solid which makes
possible the transport or conveyance of fluids by and
through it; in other words, it is a measure of the "fluid
conductivity" of a solid4• It may be more accurately
defined as the rate of flow of a given fluid through a
unit cross-section of the solid under a unit pressure
gradient and conditions of viscous flow. Fralich8 found
the factors affecting the permeability of consolidated
sands in the field are: (1) grain size, (2) grain shape,
(3) porosity, (4) uniformity of grain-size and shape,
-20-

,

,

(5) packing or arrangement of the grains, (6) arrangement
and nature of the cementing material,

(7)

saturation of oil

~

and water,

(8)

viscosity,

(9)

pressure of the fluid, and

(10) the dimensions of the strata.

Henri Darcy12, in 1850, made an extensive study of the
flow of water through gravels and filter b~ds, and first
expressed the empirical law for permeability, governing
flow through parDUS media.

At the present time, Darcy's

Law is the basis for experimental wor-k in the problems .of

flow.
Darcy's Law may be stated in general terms according
to the equation:

'l1L

==

dP

•

OlL

•

•

•

•

(1)

in which U is the velocity of the fluid, p the pressure,
L the direction or distance at which U is evaluated.
Integrated ,for linear flow and a steady state, and
substituting quantity for velocity, the equation becomes:
~.k.AlL
eA

L

•

•

•

•

(2)

where Q/e, the rate of flow of water through the filter
bed is directly proportional to the area (A) of the sand
and the difference between flui<:iheads

(.6.

p) on the inlet

and outlet faces of 'the bed, and inversely proportional to
the thickness (L)"of the bed, where k is a constant
-21-

characteristic o~ the sand.
To eliminate the e~ect

o~'the viscosity o~ the ~luid

on the value o~ the permeabil1ty coe~~ic~ent, thi~ viscosity
is introduced as a factor in the equation, which becomes:

...2'. 1s ~
eA

z

L

.. .
/

• •

•

(3)

•

'

Where Q is the volume o~ fluid, at mean pressure ~or a gas,
e is

a time

unit, A, a ,unit o~ area, k, a coe~ficient ot

permeability of a sand to any ~luid, z, the absolute
viscosity of the fluid, p, a unit of pressure, and L, a
unit of length normal to the area, A.
Since gases are compressible, the pressure is not
constant through the sand, and must be expressed in terms
o~ a mean pressure, Pm.

If the arithmetic mean pressure,

Pm' is used, i.e., half the sum of the inlet and outlet
pressures, (P2 + PI) / 2, the equation becomes:
Qpl-~
e APm -

2

2121

eA(P2 - PI)

where

P2

zL

=

•
k ~122 -

z

•

•

L

:QJ J

•

•

•

•

(4)

(5)

is the inlet pressure, PI' the outlet pressure,

and the other symbols as heretofore mentioned.
Fancher, Lewis, and Barnes5 recommend the use ot
Weymouth's equation for the mean pressure,
Pm

=

namelY,

2/3 (PI + P2 - (PIP2/Pl +

P2»

(6)

Substituting this value in equation (4), gives:
•

• (8)

•

•

•

•

•

•

•

(9)

(10)

•

•

•

•

(11)

•

•

•

•

(13)

•

•

•

Letting

•

•

•

(7)

•

• (14)

•

~he equation can be written:

•

•

•

•

(15)

•

Solving for k, the result is:
QzL
k -eAP
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•

•

•

•

•

•

(16)

where k is the coefficient of permeability of the sand, Q,

,

the volume of fluid, z, the absolute viscosity of the fluid,
~

L, a unit of length, e, a unit of time, A, a unit of area
normal

to

length L, and P, the equivalent pressure as

expressed in equation (14).
The unit of permeability is the darcy, named after
Henri Darcy.

By definition,

1 darcy • l ce, x 1 cent~poise x 1 cm,
,
1 sec. x 1 cm, x 1 atmosphere
and hence,

k (darcys)

=

•

Permeability is usually expressed in millidarcys (1 darcy •
1,000 millidarcys) to avoid the use of small decimals, as
the permeabili ties of oil sands usually are only small
fractions of a darcy.

POROSITY TESTS

Porosity is the measure of the pore space or the
possible storage of fluids within a solid; in other words,
the"fluid capacity' of a solid4•
Studies by Muskat13 have revealed that, if it is
-24-

assumed for analysis that the solid particles constituting
I

'

an unconsolidated sand are uniform spheres, the two extremes
~

can be produced in systematic arrangeme~t which would
provide a maximum and a minimum pore space.

The maximum

porosity would be gained by a cubic arrangement of the
particles and would give 47.64% porosity, while the minimum
would be a rhombohedral packing and give 25.95%.

Intermediate

arrays ~ould evidently result in porOSities lying between
these limits.

Theoretically, the actual size of the spheres

has no influence on the porosity, but in actual assemblages
of natural materials this does not prove true.

Determinations

have been made and the following porosity values were found:
coarse sand, 39 to 41 per cent; medium sand, 41 to 48 per
cent; fine sand, 44 to 49 per cent; and fine sandy loam,
50 to 54 per cent.
Meinzerl2 came to the conclusion that the factors
which control the porosity of the rocks which compose a
geologic formation are: (1) Shape and arrangement of particles,
(2) cementation and compaction since deposition, (3) degree
of assortment or classification of particles, (4) removal
of mineral matter by solution of percolating water, (5)
fracture of rocks which result in openings.

-25-

Selection of Sample~ and Preparation
•

The cores that were used to determine permeability
were also used to measure porosity.

As some of the cores

C":t

for permeability were used by Donald Johnson in his acid
'1

treatment of the Cut Bank sands, it was necessary to prepare
new samples of these for porosity studies.

The preparation

IJO!

of the.samples was the. same as the preparation of the

. TI

permeability samples, with the exception of the cutting.
A small fragment, taken as close tc the permeability cuts
m

as possible, of as uniform size as available, was used.
0

Porosity Apparatus
Two steps were necessary to obtain an effective
....
0

porosity determination.

First, the bulk volume had to

be found, and second, the pore volume had to be determined.
To find the bulk volume, the Russell volumeter method
.r

~

was used.

)

simplest testing procedure and required the least
expendit~e

It had the advantage of being perhaps the

for laboratory equipment of any method avail-

able for use with consolidated sands.
The samples had to be cut and trimmed to the proper
size and shape with a hammer and cold chisel at the start
of the procedure.

Each sample had to be tried in the

apparatus until the proper size was obtained.
-26-
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The samples had to be dried and extracted as previously
mentioned.

The samples were then pl~ced in a beaker o~

carbon tetrachloride until th~

were thoroughly saturated.

Each piece, after it was saturated had to be examined and
all sharp projections, ~riable ends, and loose grains
removed or broken ~rom it.

The sample was kept under

carbon tetrachloride until it was needed for testing.
The Russell volumeter was filled with carbon tetrachloride until the liquid level read between 1 and 0.0 ml.
when the volumeter was inverted.

The apparatus was again

returned to its normal position, and the saturated sample,
with all the surplus liquid adhering to the surface removed
with a blotter, inserted, carefully replacing the lid,
making sure the ground joint was carefully greased with
_stop-cock grease and the lid tightly replaced to prevent
any leakage o~ the liquid during the experiment.

The

instrument was inverted and the reading again taken.
•

The

appara~us 1s divided.into graduations of 0.05 ~~., and
the reading could be estimated to 0.01 ml.

The bulk

volume was found by subtracting the second reading from
the first.
Before the sample could be tested to determine its
pore volume, it was first dried in an oven at 1050 C. for
suf~icient time to drive out all of the carbon tetrachloride
and moisture.
-27-

The pore volume was measured by the Washburn-Bunting
method.

The porosimeter was used to determine only the

"effective" pore volume of the sample.

It operated on the

~

simple principle of measuring directly the volume of air
(or gas) contained in the connected pore space of the
sample at atmospheric pressure, after this air had been
removed from it by expansion.
The arrangement of the Washburn-Bunting type porosimeter
is shown in Plate VII.

"A" is the sample chamber, which

may be opened by means of the ground joint.

The glass lugs

for tying together the two parts of the apparatus are
provided to prevent leakage.

"Bitis an expansion chamber

placed above the receptacle.

"e" is a heavy glass capillary

tube fused to the top of the expansion chamber and fitted
with a stop-cock at its extremity.

It is calibrated in

0.05 mI., starting at zero at the stop-cock plug to 4.0 mI.
at a point near its connection to the expansion chamber.
The bottom outlet of the sample chamber is connected by
heavy pressure tubing (rubber) to a glass leveling bulb.
Procedure*:
The leveling bulb had to be adjusted to a position
so the mercury level in the porosimeter was at the bottom
entrance to the receptacle.

The ground glass joint of the

* Method similar to procedure given by Francher, Lewis,
and Barnes4•
-28-

PLATE VII

WASHBURN-BUNTING

POROSIMETER

pOl'osimeter was loosened and the upper part removed, the
sample inserted, and the upper part replaced.

Care had to

be taken that the ground join~ was tight and well sealed
by the stop-cock grease. ' Rubber bands had to be interlacked between the glass lugs on the outside to prevent
the joint from opening during operation.
The stop-cock on the graduated tube was opened and
the leveling bulb slowly raised.

The level in the

porosimeter rose, and the mercury column would continue
to be raised by means of the bulb until it was above the
stop-cock of the porasimeter.
had come to rest,the

After the mercury columns

stop.cock had-to be closed.

At

this point the porosimeter contained only the air in the
sample (at atmospheric pressure), plus a further small
amount adsorbed on the inner glass walls of the porosimeter.
The mercury did not penetrate the pores, except for a
so-called skin effect on the surface of the sample, where
scattered openings of sand grain size existed as a res'ult
of cutting the rock to sample size or unless the pores
were unduly large.
The leveling bulb was lowered, consequently reducing
the pressure.

The mercury level in the porosimeter had to

be at the bottom entrance to the receptacle, as before,
after the operation.

Due to the pressure differential

created between the air in the pores of the sampl
-29-
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(atmospheric pressure) and the porosimeter (reduced
pressure) the air would flow into the latter until the
pressures were equalized.

The time required'for equilibrium

to be established depended on the size, shape and
permeability of the sample.
The leveling bulb had to be raised slowly until the
mercury surface in the bulb and in the graduated capillary
tube were exactly the same.

The volume of air at

a~mospheric pressure was read directly from the scale,
estimated to the closest 0.01 ml.

The volume of air that

was measured was called the first Uncorrected por volume
reading of the sample.

It was nece~sary to repeat the

procedure several times to get the reading for the small
amount of air which still remained in the sample.

Any

additional reading had to be added to the one previously
obtained.
It was necessary to make a correction due to the
SdsDrption of the air on the walls of the porosimeter

and

to the fact that the mercury column when raised to purge
the porosimeter of all air except that' contained in the
sample, might allow a small volume to remain, particularily
under the edges of the ground glass.
the inability of mercury to wet glass.

This was caused by
This correction

had to be evaluated by substituting a solid piece of
glass of approximately the same size and shape as the
-30-

samples and was tested in exactly the same manner as if
it were a sample.

The value obtained for the operation

was used as a constant, but it was necessary to re-check
the value at various times to assure its constancy.

The

value of the constant was subtracted from the original
uncorrected pore volume.
The method for determining porosity as discussed
above was used for finding the effective porosity of a
sample, since the pore volume was obtained by measuring
the amount of air contained in the sample at atmospheric
pressure.

This. measured air occupied only the connected

pores of the sample, since only the ~ir that could be
removed from the sample by expansion was measured in the
graduated capillary tube.
The corrected values, as found by the Russell volumeter
(bulk volume), and the Washburn-Bunting porosimeter (pore
volume~ were substituted in the following equation to give
the percentage effective porosity of the sample:
Percentage Effective Porosity •

-31-

Pore volume x 100 •
Bulk volume

RESULTS OF POROSITY AND PERMEABILITY
STUDIES

After selection of the wells of the Cut Benk Oil Field,
it was necessary to determine which samples could be
prepared for permeability tests.

As previously mentioned,

some of these "biscuits" had to be discarded, either
because they were too thin, fractured and cracked, or found
to contain shaly lenses that would hinder the preparation
and the permeability testing.

As Table I shows, forty-

four samples were prepared and tested for both porosity
and permeability.
Using the porosity results obtained from this study,
and also the results found by Hanes, Gallant, The Glacier
Production Company, and The Texas Company for other given
wells in the field, an attempt was made to show the
relationship of the porosity of the producing zone of the
Lower Cut Bank Sand.
Township paper.

The wells were first plotted on

For the first trial, the average porosity

of the producing zone was plotted for each well.

No

relationship was apparent between the porosity of the wells
in this first trial.

In the second trial, the highest

porosity of the producing zone of each well was plotted.
Still, no relationship existed.

No results were obtained

when the porosity of a specific horizon above the base of
-32-

the lower Cut Bank sand was used.
No attempt was made to correlate the permeabilities
of the wells tested in this work and the studies of Hanes.
Upon studying Hanes' permeability tests, it was found that
the results he obtained were not calculated in the same
manner as those of the author.

It was also found that

the results given by Hanes were not obtained from the use
of the formula stated in his report.

Therefore, since all

the necessary data is given in Hanes' notes, it will be
necessary to recalculate the permeabilities of the samples
he ran, using the formulae given in this report, as they
have been assumed to be correct.

Upon the completion of

this recalculation, it may be possible to show the
relationship of the permeabilities of the various wells
of the field that have been tested, using a method similar
to the porosity trials.
For further reading of the permeability studies of
Hanes, as compared with the author's and Donald H. Johnson's
method of calculation, the reader is referred to Mr.
Johnson'sll thesis.

CONCLUSIONS
From the attempts to show the relationship of the
porosity of the lower Cut Bank sand, it is apparent that no
-33-

correlation may be made over the entire field, unless
further information is obtained.

Even with more complete

studies of the field, the relationship may not be shown
over the entire field.

This would be due to the difference

of the cementing material, recrystallization of grains,
secondary growth of quartz grains, source of sediments, etc.
Nevertheless, the author's observations have led him to
believe that, in localized areas throughout the field, a
relationship might be found if sufficient wells could
be studied in these areas.
Although local trends of porosity might be found,
corresponding trends of permeability, altough possible,
need not necessarily exist, since the relationship between
porosity and permeability is only qualitative and does not
necessarily follow a corresponding pattern of variation.
lfuch additional work on this problem is necessary,
as information regarding the porosity and permeability
relationship of the lower cut Bank sand would help in the
further development of the field, and also help explain
some of the numerous problems which have arisen in the
field.

-34-

The Porosity and Horizontal Permeability
of the Lower cut Bank Oil Sand
Table I
Sample
Number

Lease and Well No.
and Location

0520a
0520b
0522
0527
0>528
0529
0531
569
572
573
574
576
578

Seeba #5
2 - 34 - 6

Xl1a
X11b
X12
X13

Larson #1
35 - 36 - 6

N518
N521
N523
N524
N525
N526

Larson #5
33 - 33 - 5

S51a
S51b
S53a
S53b
S54
S57

Miller #5
~2 - 33 - 5

JJ17

Stott #1
34 - 33 - 5

JJ18a
JJ18b
JJ19
JJ110

Per Cent
Porosity
17.6
13.8
16.4
20.0
15.9
16.4
13.2
14.8
20.5
19.1
8.5
17.6
13.3

It

"II

"
""
"

"
"

II

II

16.3
21.0
13.1
14.8

"

'11

12.1
12.7
12.1
11.3
12.3
13.2

"

II
11

"
"

II

"

"

"

II

"
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Horizontal.
Permeabil~ty
l..09
38.1
7.81
643.8

343.0
12.2
61.2
523.5
842.7
3.43
10.3
47.6
239.1
157.9
47.2
313.2
60.2
30.6
44.7
47.7
1.68
2.70

13.0
8.6
12.7
12.9
15.9
17.2

57.5
161.9

18.7
19.5
21.0
19.5
16.2

33.9
309.1
77.7
1176.0
23.4

0.00
172.2
188.7

The Porosity and Horizontal Permeability
of the Lower Cut Bank Oil Sand
Table I, Continued
Sample
Number
CClla
CCl1b
cC12

CC13
CC15
CC17
Ce18
CC19
CC1l0a
CC110b

Lease and Well No.
and Location

Per Cent
Porosity
16.2
15.6
17.9
14.8
13.7
13.8
14.2
20.0

Minette
34 - 33 - 5

I'
"
"
tI

II
II

12.4

"

18.6

"
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Horizontal
Permeabili ty
168.4
78.4
63.4
110.5
6.30
9.59
29.5
110.7
82.3
34.1
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